Kinetics of Solid Formation in the Chilled Ammonia System and Implications for a 2nd Generation Process  by Sutter, Daniel et al.
 Energy Procedia  63 ( 2014 )  1957 – 1962 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Peer-review under responsibility of the Organizing Committee of GHGT-12
doi: 10.1016/j.egypro.2014.11.207 
GHGT-12 
Kinetics of solid formation in the chilled ammonia system and 
implications for a 2nd generation process 
Daniel Sutter, Matteo Gazzani, Marco Mazzotti* 
Institute of Process Engineering, ETH Zurich, Sonneggstrasse 3, 8092 Zurich, Switzerland 
 
Abstract 
The Chilled Ammonia Process is a mature post-combustion CO2 capture process. The formation of solids in the process at high 
CO2 and NH3 concentrations was already described in the original patent, but is relatively poorly understood and difficult to 
explore experimentally. Thermodynamic properties that complicate the experimental investigation, such as the high vapor 
pressures of CO2 and NH3 and the resulting incongruent solubility as well as the fast decomposition of the solids, are discussed in 
this work. Preliminary results for the metastable zone width and for nucleation kinetics in the ammonium bicarbonate/water 
system are presented. The solubility of ammonium bicarbonate derived from dissolution experiments is close to the historical 
literature values and an explanation for the slight deviation is discussed.  
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Nomenclature 
J nucleation rate 
݇ேǡ݉  nucleation rate constants 
ݓ weight fraction-based solubility 
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1. Introduction 
The Chilled Ammonia Process (CAP) is a competitive candidate among the post-combustion capture 
technologies particularly because of the advantages of its solvent concerning global availability, environmental 
footprint, and cost, as well as concerning the chemical stability in the presence of impurities such as SOx and NOx. 
Alongside relatively slow absorption kinetics, clogging of process equipment due to ammonium bicarbonate 
(NH4HCO3) formation is a known disadvantage. Accordingly, the current CAP implementation avoids solid 
formation in the absorber by limiting the ammonia and CO2 concentration. However, detailed knowledge about the 
thermodynamics and kinetics of the NH4HCO3 formation may enable to exploit the solid phase to increase the 
loading of the CO2-rich stream sent to the regeneration section of the capture plant. The potential of such a second 
generation CAP including a dedicated solid formation process unit and a solid-liquid separation step has been 
demonstrated through equilibrium-based process simulations [1,2]. In order to enable both rate-based process 
simulations and the detailed design of the crystallization section, the experimental investigation of the ammonium 
bicarbonate precipitation kinetics is mandatory.  
2. Methods 
2.1. Thermodynamic modeling 
This work uses the Extended UNIQUAC model developed by Thomsen et al. [3] and Darde et al. [4] for the CO2-
NH3-H2O system. It uses an extended UNIQUAC equation to determine the liquid phase activity coefficients. The 
Soave-Redlich-Kwong equation of state is used to calculate the gas-phase fugacities. The model parameters for the 
CO2-NH3-H2O system were determined by Darde et al. [4] based on more than 3700 data. The range of validity is 
from 0 to 150°C, up to pressures of 10 MPa, and ammonia concentrations up to 80 molal. Besides 3 vapor-liquid 
equilibria for CO2, NH3, and H2O and 5 speciation equilibria, the model considers five different solid phases: 
1. Ammonium bicarbonate (BC) NH4HCO3   
2. Ammonium carbonate hydrate (CB) (NH4)2CO3 ∙ H2O    
3. Ammonium sesqui-carbonate (SC) (NH4)2CO3 ∙ 2NH4HCO3 
4. Ammonium carbamate (CM)  NH2COONH4 
5. Ice    H2O  
The solubility data for solids 1-4 used in the parameter fitting procedure are based on the work by Jänecke [5,6].  
2.2. Experimental 
The CO2-NH3-H2O system is difficult to explore experimentally due to the high vapor pressure of CO2 and 
ammonia. Many state-of-the-art experimental techniques for crystallization research have been developed for the 
relatively large organic molecules typically encountered in the pharmaceutical industry. These procedures neglect 
the evaporation of the precipitating solute and can thus not be applied to the system of interest here. The 
experimental setup developed for our investigation includes a chromium steel autoclave (Premex Reactor AG, 
Switzerland) that is initially filled with solid NH4HCO3 and demineralized water (see Fig. 1). The filling level is 
maximized in order to keep the volume fraction of the gas phase below 1%, so as the vapor can be neglected in the 
overall mass balance. Dissolution of the ammonium bicarbonate during a linear heating ramp yields an aqueous 
solution of CO2 and ammonia with known concentration. The solubility of the ammonium bicarbonate can be 
extrapolated from the temperature of disappearance of the solid at different heating rates [7]. After the successful 
dissolution of all the solid particles, a following linear cooling ramp causes nucleation. The temperature at which 
nucleation occurs determines the Metastable Zone Width (MZW). Focused Beam Reflectance Measurements 
(FBRM, Lasentec, Redmont, WA) are applied to detect the occurrence and disappearance of particles in the 
suspension and Raman spectroscopy is used to identify the solid phase being formed in-situ.  
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Fig. 1. Schematic illustration of the experimental setup. 
 
 
3. Results and discussion 
Fig. 2 indicates the importance of keeping the volume of the vapor phase small in the experimental setup. The 
isothermal ternary phase diagrams are given in weight fractions and at a constant pressure of 1.013 bar. The phases 
are indicated with “S” for solid, “L” for liquid, and “V” for vapor. When dissolving solid ammonium bicarbonate in 
pure water, the overall system composition must lie on the BC-H2O binary, i.e. a straight line connecting the pure 
ammonium bicarbonate (BC) with pure water in the top corner of the ternary. When increasing the BC weight 
fraction along the BC-H2O binary at 10°C (Fig. 2a), the system moves from the single L phase region into the S+L 
region of BC and its mother liquor. At 30°C (Fig. 2b), a vapor phase forms first and the solid BC occurs when 
crossing the boundary between the L+V and the S+L+V region. The 3-phase S+L+V region is invariant when fixing 
pressure and temperature. The phase compositions are thus fixed and the composition of the liquid phase is given by 
the upper right corner of the S+L+V field, which is not located on the BC-H2O binary anymore. The vapor phase 
composition is found close to the CO2-corner (see Fig. 2a). Accordingly, the vapor phase consists mostly of CO2 and 
only a small fraction of NH3, a fact that can be described as “incongruent solubility” [8].  
The incongruent solubility is the major reason for performing the experimental analysis in-situ in a batch system. 
Additionally, all four CO2-NH3-based solids show considerable decomposition at room temperature, especially 
when being wet. Accordingly, a method to clearly differentiate the solids in-situ is required. Raman spectroscopy 
was identified as a suitable tool. 
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Fig. 2. (a) Isothermal section of the ternary phase diagram for the CO2-NH3-H2O system at 10°C and 1.013 bar; (b) Zoom-in on top section of the 
isothermal cut at 30°C and 1.013 bar. The diagrams have been constructed applying the Extended UNIQUAC model [4]. Compositions are given 
in weight fractions in both diagrams. 
Fig. 3 shows the temperature and pressure trends and the FBRM counts for fine (0.25-20 μm) and coarse (50-
250 μm) particles in a typical experiment. Fig. 4a shows the temperature of complete solid disappearance for 
different heating rates for a solution of 13.9 %-wt. NH4HCO3, which should be saturated at 10°C according to 
Jänecke [5]. The saturation temperature extrapolated from the temperature of disappearance is 11.7°C. A possible 
reason for the diverging result might be the evaporation of CO2 and NH3. Jänecke performed the solubility 
measurements in sealed glass tubes. He states that the volume of the gas phase above the aqueous solution has been 
kept small, but does not give any quantification. Furthermore, relatively significant evaporation may have occurred 
when melting and sealing the glass tubes. Such evaporation of CO2 and NH3 would lower the aqueous 
concentrations, and lead to a slightly higher solubility in his experiments. 
 
The nucleation rate, J, can be described by the following power law according to the classical nucleation theory 
 ' mNJ k w  (1) 
where '   sw w w  is the solution supersaturation and sw  is the weight fraction-based solubility as a function of 
temperature. Assuming that the rate of solute consumption by nucleation (when the MZW is reached) equals the rate 
of supersaturation generation  
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the parameters Nk and m  can be determined from a logarithmic plot of the MZW, ' maxT , for different cooling 
rates, dT dt , according to the following equation [9]: 
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Fig. 3. Typical dissolution and cooling crystallization experiment with a heating and cooling rate of r 0.5 K/min. The pressure follows the 
temperature trend with a slight delay. The formation of particles after about 160 min leads to a small temperature increase due to the heat of 
crystallization released. 
 
 
Fig. 4. (a) Temperature of disappearance and (b) logarithmic plot of the MZW for a 13.9 %-wt. NH4HCO3 solution and varying heating/cooling 
rates. The circles indicate the mean value of different experiments, the bars show the standard deviation. 
Fig. 4b shows a logarithmic plot of the MZW measured for different cooling rates. The resulting parameters for 
the above-mentioned 13.9 %-wt. solution are  Nk 0.46 and m  2.2. Fig. 4b shows a significant variance in the 
metastable zone with. Some variation can be expected due to the stochastic nature of the nucleation process, but 
further investigation is required. Further experiments may also include on-line concentration measurements using 
Attenuated Total Reflectance – Fourier Transform Infrared Spectroscopy (ATR-FTIR).  
4. Conclusions 
Solid formation is a comprehensive challenge for the CAP that must be controlled to ensure stable operation. On 
the other hand controlled solid formation may provide opportunities for improving the CAP energy efficiency. A 
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sound understanding of the thermodynamics and kinetics of solid formation is key to investigate these opportunities. 
Aspects of the thermodynamic system behaviour affecting the experimental investigation of these properties have 
been discussed, including incongruent solubility. Preliminary results of metastable zone width and solubility 
measurements in the system ammonium bicarbonate – water have been presented.  
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